Abstract: The histology and clinical behavior of thyroid cancer are highly diverse. Although most are indolent tumors with a very favorable outcome with the current standard of care therapy, a small subset of tumors may be among the most lethal malignancies known to man. While surgery and radioactive iodine are the standard of care for differentiated thyroid cancers (DTC) and are effective in curing a majority of such patients, those with iodineresistant cancers pose a great challenge for clinicians, as these patients have limited treatment options and poor prognoses. Medullary thyroid carcinoma (MTC) has no effective systemic therapy despite the genetic and signaling defects that have been well characterized for the last two decades. Anaplastic thyroid cancer (ATC) is one of the most aggressive solid tumors that remains fatal despite conventional multimodality therapy. Increased understanding of the pathogenesis of papillary thyroid carcinoma, the most common type of DTC, as well as ATC, has led to the development of targeted therapies aimed at signaling pathways and angiogenesis that are critical to the development and/or progression of such tumors. Development of tyrosine kinase inhibitors targeting known pathogenetic defects in MTC has led to testing of such agents in the clinic. Numerous clinical trials have been conducted over the last 5 years to examine the effects of these targeted molecular therapies on the outcomes of patients with iodine-refractory DTC, MTC and ATC. Conduction of such trials in the last few years represents a major breakthrough in the field of thyroid cancer. Several trials testing targeted therapies offer promise for setting new standards for the future of patients with progressive thyroid cancer. The purpose of this paper is to outline the recent advances in understanding of the pathogenesis of thyroid cancer and to summarize the results of the clinical trials with these targeted therapies.
Introduction
The incidence of differentiated thyroid cancer (DTC) has risen 2.4-fold over the last 30 years [Davies and Welch, 2006] ; among the largest increases of any type of cancer [Hayat et al. 2007] . This concerning trend has been documented across all stages of thyroid cancer [Enewold et al. 2009] . While the majority of these patients have highly favorable outcomes, with a 91% survival rate at 20 years [Chow et al. 2002] for stage I and II disease, a small contingency of patients have a poor prognosis. The traditional treatment algorithm for DTC consisting of surgery followed by radioactive iodine ablation and thyroid hormone suppressive therapy may be insufficient to prevent disease progression in patients with advanced tumors.
Likewise, patients with medullary thyroid cancer (MTC) and poorly differentiated tumors such as anaplastic thyroid cancer (ATC) have very limited treatment options. Conventional parenteral cytotoxic chemotherapy has been unsuccessful in controlling these tumors. Clinical trials with various combinations of doxorubicin, bleomycin, and a platinum-based agent have yielded unsatisfactory results, with response rates of 314% [Droz et al. 1990; Kolaric et al. 1977; Scherubl et al. 1990; Williams et al. 1986] . Similarly disappointing, the adverse event (AE) profile of these drugs is dose limiting, with patients experiencing significant neutropenia, nausea/vomiting, diarrhea, anorexia, even congestive heart failure [Argiris et al. 2008] . However, recent insights into the signaling pathways that promote tumorigenesis, allow metastatic spread, and inhibit programmed cell death have led to the development of multiple promising therapeutic agents that can target these specific mutations.
The majority of papillary thyroid carcinomas (PTC) are associated with a mutation in one of three genes involved in the signaling of the mitogen-activated protein (MAP) kinase pathway-RAS, BRAF, or RET/PTC rearrangement [Kondo et al. 2006] . These mutually exclusive genetic alterations result in downstream constitutive activation of the MAP kinase pathway, a key oncogenic event in the development of thyroid cancer [Jhiang et al. 1996; Kimura et al. 2003 ]. The majority of cases of inherited MTC, on the other hand, have been associated with germline mutations in the RET proto-oncogene. Several mutations have been identified; specific codons have been correlated with distinct phenotypic expressions of the multiple endocrine neoplasia (MEN) syndromes and familial MTC [Eng et al. 1996] . Approximately 50% of patients with sporadic MTC have also been found to have somatic mutations in RET at codon 918 [Gimm et al. 1999] in the tumor cells without expression in other tissues. The presence of this somatic mutation is associated with a high probability of lymph node metastases, higher likelihood of recurrent/persistent disease, and reduced survival [Elisei et al. 2007] . Targeting these oncogenic mutations is a logical choice for potential treatment of refractory thyroid cancers. Finally, mutations in the BRAF oncogene have been observed in 1035% of ATC [Kondo et al. 2006] . Although the precise role of such mutations in ATC is unclear, further studies to evaluate BRAF as a potential target for therapy are ongoing.
Aberrations of normal physiologic processes also have been observed with increased frequency in thyroid cancer and appear to play an important role in the development of distant metastases, tumor growth, and inhibition of apoptosis. In particular, angiogenesis is a vital process for sustaining tumor growth through delivery of nutrients and removal of waste products. Thyroid cancers are associated with significantly higher vascularity than surrounding non-neoplastic thyroid tissue [Akslen and Livolsi, 2000] . Numerous growth factors are necessary for the development of new blood vessels; vascular endothelial growth factor (VEGF), basic fibroblast growth factor, and platelet-derived growth factor (PDGF) have all been implicated in angiogenesis [Hoffmann et al. 2006b; Soh et al. 2000] . Levels of VEGF expression correlate with metastatic disease and other markers of tumor aggressiveness [Klein et al. 1999] . Levels of VEGF are highly expressed in thyroid tumor cell lines [Viglietto et al. 1995] and blocking VEGF results in inhibition of tumor growth [Soh et al. 2000] . These observations have led to the development of therapeutic agents targeting neovascularization through the various growth factors and their interactions with cellsurface receptors.
The recent progress in understanding of thyroid cancer pathogenesis has resulted in a renewed interest in the field and a surge in clinical trials to address these refractory tumors. This paradigm shift in management of thyroid cancer marks an exciting time for researchers and clinicians, with the hope that an effective new therapy awaits on the horizon. The purpose of this paper is to outline the recent advances in clarifying the pathogenesis of thyroid cancer and to summarize the results of the clinical trials with these targeted therapies.
Tyrosine kinase inhibitors
Tyrosine kinases are responsible for transferring phosphate from ATP to tyrosine residues of a protein. There are numerous tyrosine kinases in humans and they control vital cellular functions such as cell differentiation, survival, proliferation, function, and motility. Mutations in genes encoding these enzymes have been associated with various malignancies, including thyroid cancer. Small molecule tyrosine kinase inhibitors (TKI) are a new class of drugs which can combat the dysregulated tyrosine kinases at various steps in the activation pathway, including binding of the ligand to the receptor, prevention of dimerization of the receptor, or any one of the numerous steps in the intracellular cascade. These medications are partially selective, but many also have the ability to inhibit multiple kinases and thereby affect several signaling pathways. The majority are orally administered, making them more attractive to both clinicians and patients alike. These medications are generally well tolerated and can be administered on a chronic basis, but they do have a typical constellation of side effects which includes hypertension, diarrhea, fatigue, and myriad skin lesions.
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Clinical trials in differentiated thyroid carcinoma Several clinical trials conducted for DTC also included a small number of patients with MTC and/or ATC. However, in this section, we focus on the response data related to DTC (Table 1) . The AE and correlative data are reported in this section due to the fact that a majority of patients treated on these trials had DTC and the published data are reported for the entire cohort of patients on the trials. The objective response data for the patients with MTC and ATC treated on these trials are not reported in this paper due to small sample size (less than 10 evaluable patients) in each of this cohort of patients.
Multikinase inhibitors targeting angiogenesis
Axitinib. As discussed above, the agents that target VEGF signaling are attractive candidates for testing its efficacy in treatment of refractory thyroid cancer. Axitinib is a small molecule TKI of all VEGF receptors (VEGFR) and, to a lesser extent, it blocks PDGF receptor (PDGFR)-b and c-KIT as well. It inhibits VEGF-mediated autophosphorylation of the receptor and has shown dramatic reductions in microvascular formation in mouse thyroid tissue [Kamba et al. 2006] . In a phase I study [Rugo et al. 2005 ] one of five thyroid cancer patients had a decline in tumor burden that did not quite meet Response Evaluation Criteria in Solid Tumors (RECIST) for a partial response (PR). Subsequently, a phase II trial in 60 patients with all histologies of thyroid carcinoma was undertaken [Cohen et al. 2008] . Criteria for study entry included disease refractory to radioiodine therapy or inappropriate for radioiodine and at least one RECIST-defined lesion. Patients were started on 5 mg twice daily, with dose escalation to 10 mg twice daily as tolerated. Dose reductions to 2 mg twice daily were made as needed for treatment-related side effects. There were 47 patients with DTC; a PR was seen in 15 (31%), stable disease (SD) was seen in 20 (42%), and three (7%) patients had progressive disease (PD). As a result of patients not meeting response criteria and a lack of follow up scans, nine (20%) patients had indeterminate (IND) results. The median progression-free survival (PFS) for the entire cohort of 60 patients (including MTC and ATC) was 18 months; this statistic was not reported separately for the DTC patients. *Response criteria were RECIST unless otherwise specified; **Response was assessed based on iodine uptake or thyroglobulin levels; § Response criteria were based on RECIST or thyroglobulin levels.
BRAF, V-raf murine sarcoma viral oncogene homolog B1; COX-2, cyclo-oxygenase-2 enzyme; EGFR, epidermal growth factor receptor; HDAC, histone deacetylases; PDGFR, plateletderived growth factor receptor; PFS, progression-free survival; PPARg, peroxisome proliferator-activated receptor gamma; PR, partial response; RET, RET proto-oncogene; SD, stable disease; Tg, thyroglobulin; VEGFR, vascular endothelial growth factor receptor.
NR, Not reported; NA, Not applicable.
Serum thyroglobulin levels were followed in nearly half of the patients with DTC. Most patients, including those with SD and PD, had initial declines in the thyroglobulin. However, the authors stated that given the small number of patients with PD whose thyroglobulin levels were measured, a statement could not be made as to the utility of this test as a marker of response to axitinib.
Median duration of therapy was 4.8 months; 32 patients discontinued axitinib. The majority -10 patients (17%) -discontinued the drug because of no therapeutic benefit, eight patients (13%) withdrew as a result of AEs, four patients died as a consequence of AEs (but did not seem to be related to study treatment), and the remaining patients discontinued the axitinib for other reasons. Adverse events frequently seen with axitinib included fatigue, diarrhea, nausea, anorexia, hypertension, stomatitis, weight loss, and headache.
Pharmacodynamic markers of VEGFR-mediated signaling were measured at baseline and every 8 weeks during the study period. A 2.8-fold increase in VEGF concentration was seen after initiation of axitinib. Soluble (s) VEGFR-2 levels decreased by 32% and sVEGFR-3 levels declined by 35% (p < 0.001, p < 0.0001, respectively). Soluble KIT levels were also measured during the study and these declined by 13% (p < 0.01). Taken together, these findings of marked changes in VEGF, VEGFR-2 and -3, with a minimal change in serum KIT levels support the hypothesis that axitinib is a selective inhibitor of angiogenesis. However, the question of the true target at the level of the tumor tissue still remains open.
Motesanib. Motesanib is an oral multikinase inhibitor, with activity against VEGFRs 13, PDGFR and KIT. Thyroid cancer tissue expresses higher than normal levels of PDGFR; inhibition of this target in vitro resulted in reductions in cellular proliferation [Chen et al. 2006] . The multitargeted capabilities of motesanib make this an attractive candidate for treatment of refractory thyroid cancer. A phase I trial ] of this medication included seven patients with thyroid cancer of various histologies; three patients achieved a PR, three patients had SD. Based on these promising preliminary studies, an international multicenter phase II study of 93 patients with DTC was undertaken . Requirements for study entry included metastatic or locally advanced DTC that was refractory to standard therapy with documented radiographic disease progression (by RECIST definition) in the 6 months prior to study entry. Patients were administered motesanib diphosphate 125 mg daily for 48 weeks or until PD or unacceptable toxicity was encountered. Thirty-two patients completed the entire course of treatment; the remainder discontinued the drug because of PD (35), AEs (12), death (5), or various other reasons (9). A PR was seen in 13 (14%), with SD in 62 patients (67%), and PD in seven (8%). The median duration of response was 8 months and estimated PFS was 10 months. Serum thyroglobulin levels decreased from baseline in 81% of patients whose values were measured; a correlation was observed between declines in thyroglobulin and reductions in tumor volume. The most common toxicities were diarrhea, hypertension, fatigue, and weight loss. There was an observed increase in thyrotropin concentrations, necessitating an increase in levothyroxine in a number of patients. It is interesting to note, as well, that five patients developed cholecystitis during motesanib therapy; the pathophysiologic mechanism is unclear.
Sorafenib. Sorafenib is a serine-threonine kinase inhibitor which targets VEGFRs 13, PDGFR, BRAF, and RET [Carlomagno et al. 2006] . It is Food and Drug Administration (FDA)-approved for use in renal cell carcinoma and hepatocellular carcinoma. Its ability to block the signaling of two key etiologic oncogenes in the MAP kinase pathway (RET and BRAF) as well as angiogeneis (VEGFR and PDGFR) has made sorafenib an attractive option in the treatment of refractory thyroid cancer. Our group conducted a National Cancer Institute (NCI) sponsored phase II trial of sorafenib ] for 56 patients with advanced thyroid cancer with the primary endpoint of examining objective response rates in patients with chemonaive PTC. Patients with chemonaive PTC were treated on Arm A of the trial and PTC patients with prior chemotherapy or patients with follicular thyroid carcinoma (FTC), hürthle cell thyroid carcinoma (HTC) and ATC were treated on Arm B as an exploratory arm. Patients with iodinerefractory, measurable disease were treated with 400 mg twice daily of sorafenib and RECIST was used to assess the objective response. Of the 33 chemonaive patients with PTC, 28 were Therapeutic Advances in Medical Oncology 2 (1) assessable for a response. Five patients (15%) showed a PR, 19 (57%) had SD, and four (12%) had PD. Response rates were similar in eight PTC patients with prior chemotherapy. Of the 10 evaluable patients with FTC/HTC, SD was the best response in nine and one had PD. Median PFS was 16 months in chemotherapy-naïve patients with PTC versus 10 months in PTC patients who had received prior chemotherapy. Although some patients with PRs and SDs had substantially reduced levels of thyroglobulin, there was no consistent correlation between thyroglobulin response and the objective radiological response in the entire study population. The most common AEs associated with sorafenib were hand/foot pain, handfoot skin reaction (HFSR), fatigue, arthralgia, diarrhea and hypertension. Dose reduction was necessary in 52% of patients to control the toxicities; 14 patients discontinued the drug as a result of AEs.
To determine in vivo signaling inhibition, levels of ERK-, AKT-, and VEGFR-phosphorylation and VEGF expression were determined by immunohistochemistry on cell-block samples before and after initiation of treatment. Ten paired samples were analyzed. Four of 10 patients had major reductions in levels of pERK, pVEGFR, and pVEGF. Two of four patients had reductions in pAKT. All of the patients who demonstrated high basal levels of pERK and pVEGFR had significant inhibition with therapy. These results from the tumor biopsies demonstrate that sorafenib does target RAS-RAF kinase signaling in tumor tissues but do not prove inhibition of this signaling cascade as mechanism of action.
Another published phase II trial of sorafenib [Gupta-Abramson et al. 2008] examined its effects on all types of thyroid cancer; 27 patients with DTC were enrolled and treated for a minimum of 4 months. Entry criteria included metastatic or unresectable thyroid cancer for which curative measures were no longer possible. Patients were also required to have measurable disease by RECIST and have PD in the year prior to study entry. Sorafenib was administered as 400 mg orally twice daily and the dose was reduced by 200 mg increments as necessary for toxicities. At study completion, 22 DTC patients were evaluable for a response. Seven patients (26%) had a PR, 15 patients (56%) had SD. Median overall PFS was 21 months; median duration of treatment was 7 months. Of the 19 patients in whom serial thyroglobulin measurements were available, 17 (89%) of them had a mean reduction of 70% within 4 months of starting treatment. These reductions in thyroglobulin immediately preceded shrinkage of tumor on imaging, reflecting a biologic response. However, the authors have not been able to correlate the duration and degree of tumor reduction with declines in thyroglobulin. Six patients discontinued sorafenib as a result of AEs and 47% required dose reduction to control toxicities. The most common AEs included palmar-plantar erythema, rash, fatigue, weight loss, hypertension, musculoskeletal pain, diarrhea, and anorexia.
The disparity in objective response rates between these two studies with sorafenib may be attributable to differences in the populations of patients studied, dosing intensity, and/or intervals between response evaluations.
EGFR inhibitor. Gefitinib is an inhibitor of the epidermal growth factor receptor (EGFR) and has been extensively studied in nonsmall cell lung cancer. Thyroid cancer cells express high levels of EGFR on their surface and these levels have been associated with a more aggressive phenotype of DTC [Gorgoulis et al. 1992] . In addition, a phase I study of gefitinib [Fury et al. 2007] produced a PR in a patient with ATC. An openlabel, phase II study of 27 patients was initiated [Pennell et al. 2008] . Patients with any histologic subtype were included, provided that there was evidence of locally advanced or metastatic disease which was not amenable to radioiodine and external beam radiotherapy. Patients were given gefitinib 250 mg daily which was continued until there was evidence of disease progression by RECIST or an unacceptable toxicity. There were 18 patients with DTC, five with ATC, and four with MTC. No patients had a complete response (CR) or PR. Median PFS for the DTC was 3.9 months; median overall survival (OS) was 27.4 months.
Of the 15 patients with detectable serum thyroglobulin (Tg), levels declined to <90% of baseline in 33% of patients. In four of the five patients whose Tg declined, these levels were clearly rising prior to initiation of therapy and seemed to correlate with radiographic reduction in tumor volume. Serum thyroglobulin also became appropriately elevated upon tumor progression, indicating that this remains a useful marker of disease activity while taking gefitinib. Toxicities while on gefitinib were generally mild and included rash, diarrhea, nausea, and anorexia.
Median PFS for patients on this study was very short, indicating that patients who had SD had relatively short duration of response and that patients included in this trial had very aggressive clinical course. Genetic analysis of the EGFR in patients with nonsmall cell lung cancer who had a dramatic and rapid response to gefitinib reveals that these patients have specific mutations in the EGFR which are not present in patients who failed therapy [Lynch et al. 2004] . These findings suggest that certain mutations may confer susceptibility to the inhibition of EGFR signaling, and patients may need to be screened for these mutations to identify which tumors will benefit from gefitinib. It is not known whether the same is true for patients with thyroid cancer, but this question may warrant further investigation.
Histone deacetylase inhibitor
Histone deacetylases (HDAC) are enzymes which, working in concert with histone acetyltransferases, control the degree of acetylation of various histones and intracellular targets. The balance between these two opposing enzymes is essential to maintaining accessibility and function of transcription factors as well as structure of the nucleosome and chromatin [Mitsiades et al. 2005] . Dysregulation of HDAC has been associated with certain malignancies, as the cells have interference of the normal cell cycle and subsequently lose the ability to undergo normal differentiation. HDAC inhibitors are a class of molecules that repair this disequilibrium between acetylation and deacetylation and have favorable effects on cell cycle regulation, leading to apoptosis of the transformed neoplastic cells [Mitsiades et al. 2005] . In addition, these inhibitors have also been shown in cell culture to induce redifferentiation of cancer cells by restoring the function of the sodium-iodine symporter (NIS) [Zarnegar et al. 2002] . With this increased expression of NIS, it is postulated that the HDAC inhibitors may restore iodine uptake by the refractory thyroid tumors [Zarnegar et al. 2002] .
Vorinostat, a small molecule inhibitor of HDAC, was found in a phase I study [Kelly et al. 2005 ] to yield a PR in a patient with refractory DTC. Consequently, our group undertook a NCIsponsored phase II study [Woyach et al. 2009] to examine specifically the cytotoxic effects in 16 patients with DTC. Patients were started on 200 mg orally twice daily and the dose was reduced for AEs as needed. The 3-week treatment cycle consisted of 2 weeks of therapy followed by 1 week off the medication. The medication was continued until there was evidence of disease progression by RECIST, or study withdrawal. The median duration of therapy was 4.2 months. No patients achieved a PR or CR, however. Nine patients (56%) had SD for a median duration of 6 months. Serum thyroglobulin levels did not correlate with objective response to therapy. Vorinostat's effects on radioiodine uptake were not evaluated in this study.
Redifferentiation agents
Peroxisomal proliferator-activated receptor gamma (PPARg) agonists have been shown to inhibit the growth of human thyroid carcinoma cells as well as increase the expression of thyroidspecific differentiation markers [Aiello et al. 2006] . A recent phase II trial [Kebebew et al. 2009 ] of 20 patients with DTC was undertaken to determine whether rosiglitazone increased uptake of radioiodine in previously resistant tumors. Patients with elevated thyroglobulin and negative post-treatment 131 I scans were given rosiglitazone 4 mg orally daily for 4 weeks followed by 8 mg daily for 7 weeks. After thyroid hormone withdrawal and a low-iodine diet, patients were given 131 I. Assessment of response was based on the presence of uptake on the post-treatment scan as well as thyroglobulin measurement up to a year after therapy. A PR was classified as either increased radioiodine uptake or a decreased thyroglobulin level. Five patients had uptake on the post-treatment scan. Unstimulated thyroglobulin levels after rosiglitazone treatment increased in five patients, remained stable in 12 patients, and decreased in three patients. Overall, 5 (25%) PR, 3 (15%) SD and 12 (60%) PD were noted. The authors suggested that despite some responses observed with this therapy, rosiglitazone did not result in clinically significant response on long-term follow up.
Another study [Tepmongkol et al. 2008] investigated the effects of 8 mg of rosiglitazone daily for 6 weeks followed by radioiodine therapy in 23 patients with a previously negative post-treatment whole body scan (WBS). This study also evaluated the immunostaining of the tumors for PPARg. Seven patients had strongly positive staining; of this group, five had a positive post-treatment WBS. Of the nine patients with weakly staining PPARg, one had a positive posttreatment WBS. Accordingly, none of the seven patients with absent staining had a positive posttreatment WBS. Six months after treatment with RAI, serum Tg levels declined in only two patients; both of them were in the stronglypositive staining group. In summary, patients with strongly-positive staining for PPARg were more likely to convert to a positive posttreatment WBS, but less than half of those patients correspondingly had a reduction in serum thyroglobulin 6 months later. It is unclear, however, if this redifferentiation of the tumor translates into a meaningful clinical benefit or improved outcome for patients with refractory thyroid cancer.
Cyclooxygenase 2 (COX-2) inhibitor COX-2 levels are overexpressed in many tumors and may promote growth and development of neoplastic tissue [Specht et al. 2002] . Immunohistochemical analysis reveals that COX-2 levels are significantly higher in PTC than in benign thyroid tissue [Lo et al. 2005] . Patients with familial adenomatous polyposis (FAP) have a highly favorable response to high doses of the COX-2 inhibitor, celecoxib, with significant reductions in colonic polyp formation [Steinbach et al. 2000] . This promising finding prompted further study to determine whether the antineoplastic response seen with FAP extends to patients with refractory thyroid cancer. A phase II trial in 32 patients with iodine-refractory, progressive DTC was undertaken by our group to assess the PFS at 1 year after treatment with celecoxib [Mrozek et al. 2006] . Patients were administered 400 mg twice daily. Patients were eligible based on measurable disease or elevated serum thyroglobulin. Responses were defined based on either RECIST or thyroglobulin levels. Immunohistochemical analysis of the tissues before and after therapy was also performed to determine the effect COX-2 inhibition on levels of expression of COX-2. The study was negative in that 23 patients had PD by 1 year or had to withdraw from the study as a result of AEs. One PR was noted per RECIST and thyrogloblin levels; and one patient was progression-free based on RECIST since thyroglobulin antibody prevented this marker measurement. Due to the small number of responders to the therapy, differences in COX-2 expression by immunohistochemical analysis were difficult to interpret.
Clinical trials in medullary thyroid carcinoma
Imatinib Imatinib (Glivec Õ ), the TKI that garnered much attention for its highly favorable effect on chronic myeloid leukemia, has inhibitory action against PDGFR-a and -b, KIT, and RET. Imatinib has been shown to reduce RET-mediated cell growth of MTC cells [de Groot et al. 2006] . As such, it has become an attractive agent for study in patients with progressive MTC. A recent phase II study [de Groot et al. 2007] was performed in 15 patients with disseminated MTC for 12 months (Table 2 ). Imatinib 600 mg once daily was administered with the possibility of increasing to 800 mg for those with PD. Patients were evaluated for response every 2 months with RECIST. No objective responses were seen, although four patients had SD over 24 months. Three patients discontinued the medication as a result of AEs and four others required dose reductions as a result of toxicities. An ongoing phase I/II trial is investigating the effects of imatinib in combination with dacarbazine and capecitabine in patients with advanced metastatic MTC.
Motesanib
In a multicenter, international, open-label phase II trial of motesanib in MTC, 91 patients with locally advanced or metastatic, progressive or symptomatic MTC received motesanib diphosphate 125 mg daily for up to 12 months or until unacceptable toxicity or disease progression [Schlumberger et al. 2009] . A majority of patients (84%) had sporadic MTC while 14% of patients had MTC in setting of familial MTC, or MEN-2A or MEN-2B. RET mutation in tumor tissue was found in 28 of 39 (72%) patients with sporadic MTC. Of the 91 patients studied, two patients (2%) achieved PRs and 44 (48%) had SD of >6 months duration ( Table 2 ). The KaplanMeier estimate of median PFS was 12 months (95% CI, 10.714). Serum calcitonin was decreased >50% of baseline levels in 37% of patients. The most common treatment-related AEs were diarrhea (41%), fatigue (41%), hypertension (27%), anorexia (27%), and nausea (26%). Interestingly, plasma trough concentrations of motesanib were reduced compared with previous monotherapy studies at the same dose level, which may impact efficacy. Due to high frequency of RET mutation positivity in tumor tissues obtained from patients with sporadic MTC, statistical analysis for correlation between genotype and response could not be performed.
Sorafenib
Due to the critical role of constitutive Ret signaling in MTC, the anti-RET activity of this multikinase inhibitor makes it an attractive agent for targeting MTC. Sorafenib inhibited the growth of TT cells (C634R RET mutation positive MTC cell line) in vitro and in vivo, and inhibited wild type and mutant Ret kinase activity [Carlomagno et al. 2006] . Our group performed a NCI-sponsored phase II trial of sorafenib in patients with hereditary (n ¼ 5) and sporadic MTC (n ¼ 16) [Lam et al. 2009 ]. Patients were given sorafenib 400 mg orally twice a day and tumor markers and imaging studies were followed every 2 months. While accrual in the hereditary group is still ongoing, results for the sporadic group have been fully analyzed. Nine of the 12 (75%) sporadic MTC patients tested were positive for RET M918T mutation. Sorafenib showed a PR in 1 (6%) and SD of >6 months duration in 10 of 16 (62%) patients with sporadic MTC (Table 2) . Serum calcitonin and carcinoembryonic antigen (CEA) levels declined by >25% in 62% and 44% of patients, respectively; these reductions did not correlate with objective response. The drug was generally well tolerated; there were two grade 4 AEs including a pulmonary embolus and hypokalemia. Common AEs which consisted of hypertension, HFSR, diarrhea, joint pain, infections, hyponatremia, and thrombocytopenia.
Vandetanib Vandetanib (ZD6474) is an orally active TKI with multiple targets including RET, EGFR and VEGFR. MTC cells treated with vandetanib lose their proliferative autonomy conferred by RET/ PTC3 mutations [Carlomagno et al. 2002] . Likewise, vandetanib inhibits EGFR-mediated cellular proliferation and survival [Carlomagno et al. 2002] and blocks VEGFR-mediated angiogenesis [Hoffmann et al. 2006a] . This multitargeted approach has made vandetanib an attractive agent for evaluation in multiple types of malignancy, including nonsmall cell lung cancer and MTC. In a multi-institutional phase II trial [Wells et al. 2007 ] of vandetanib in patients with hereditary MTC, 30 patients were treated with 300 mg once daily. Patients with hereditary MTC had measurable disease which was unresectable, locally advanced, or metastatic. Responses were assessed using RECIST every BRAF, V-raf murine sarcoma viral oncogene homolog B1; EGFR, epidermal growth factor receptor; PDGFR, platelet-derived growth factor receptor; PFS, progression-free survival; PR, partial response; SD, stable disease; VEGFR, vascular endothelial growth factor receptor. c-MET, RET and KIT are proto-oncogenes. NR, Not reported; NA, Not applicable.
Therapeutic Advances in Medical Oncology 2 (1) 3 months. Six patients (20%) achieved a PR; nine (30%) had SD after a median of 5.7 months of treatment (Table 2) . Plasma calcitonin levels declined by 50% for at least 6 weeks in 19 patients (63%). Adverse events included rash, diarrhea, fatigue, and nausea. Because of the promising initial results, an international, randomized, placebo-controlled phase III trial has recently completed its accrual of patients with hereditary and sporadic MTC.
XL-184
XL-184 is a TKI with activity against VEGFR-2, MET, and RET. It has potent effects on blocking cellular proliferation and migration. In a phase I study that included 13 patients with MTC, three (23%) had a PR; seven (54%) patients had SD. All 13 patients had significant reductions in serum calcitonin and CEA levels. Based on the encouraging initial results, the trial was expanded to include additional patients with MTC in a phase II, dose-fixed schedule. At the time of the preliminary report, 22 of 36 patients with MTC had response assessment performed at the 3-month timepoint [Kurzrock et al. 2008] . Twelve of 22 (55%) patients achieved PR and 16 (72%) of patients had >40% decline in plasma calcitonin levels (Table 2) . In a small subset of patients with prior TKI therapy such as vandetanib or sorafenib, XL-184 induced PRs. This vigorous response has resulted in the conduction of an international multiinstitutional, randomized, double-blinded, placebo-controlled Phase III study of XL-184.
Clinical trials in anaplastic thyroid carcinoma
Anaplastic thyroid carcinoma is a nearly-uniformly lethal malignancy with a median survival of less than 6 months [Neff et al. 2008] . Traditional cytotoxic chemotherapies have been highly toxic and largely ineffective at prolonging survival in this challenging group of patients. The advent of targeted molecular therapies has brought new hope for finding a more effective treatment for a condition that has had little, if any, reason for optimism to this point. All patients with ATC should be considered for entry into a clinical trial [Cooper et al. 2006] . There are few studies with significant numbers of patients enrolled, due to the rarity of this tumor. The results of recent phase II trials of targeted molecular therapy that focuses specifically on patients with ATC are outlined below.
Combretastatin A4 phosphate Combretastatin A4 phosphate (CA4P) is a tubulin-binding compound isolated from the bark of the African bush willow tree. It is a vascular disrupting agent, resulting in reduced central blood flow to the tumor. Though the exact mechanism is unknown, there is evidence suggesting it disrupts cellcell adhesion in vascular endothelium by destabilizing microtubules. The consequence of this disordered endothelial cell architecture is vascular collapse. In phase I studies, the effects of this agent were greatest in tumors with the highest vascularity; as such, thyroid cancer is a prime target. In a phase I study, a single patient with ATC had a durable CR of more than 9 years with CA4P monotherapy [Dowlati et al. 2002] .
A phase II trial in 26 patients with ATC was recently reported ]. The primary endpoint was doubling of overall survival. Patients were administered 45 mg/m 2 CA4P as a 10-minute infusion on days 1, 8, and 15 of a 28-day cycle. No objective responses were seen and doubling of survival time was not observed. Median survival was 4.7 months; in seven patients median duration of SD was 12.3 months (Table 3) . Soluble intracellular adhesion molecule-1 (sICAM), an endothelial cell-specific marker, levels were measured at baseline and at several time points on the study. It was predicted that vascular endothelial cell damage and apoptosis would lead to release of sICAM. Low baseline sICAM levels were predictive of survival. Although the study did not achieve its primary endpoint, the authors recommend further study of CA4P in combination with other agents as a more effective method of controlling disease progression in patients with ATC. Currently, this agent in combination with cytotoxic chemotherapy is being tested in clinical trial in patients with ATC.
Imatinib
A preclinical study of imatinib showed efficacy in inhibiting growth of ATC cell lines [Podtcheko et al. 2003] . Although the molecular target of this agent is not clearly defined [Mitsiades et al. 2003; Podtcheko et al. 2003 ], proposed mechanisms include inhibition of PDGF, KIT, and c-ABL. A single-institution study of imatinib 400 mg twice daily orally in 11 patients with ATC was recently reported [Ha et al. 2009 ]. Of the eight evaluable patients, two had a PR, four had SD, and two had PD. Six month PFS was 27%; 6 month survival was 46% (Table 3) . Frequent toxicities included lymphopenia, edema, anemia, and hyponatremia. Because of poor accrual, however, the trial was prematurely terminated.
Sorafenib BRAF mutations have been observed in 1035% of patients with ATC [Kondo et al. 2006] . Multikinase inhibitor sorafenib targets BRAF kinase in addition to its angiogenic targets. Sorafenib has shown efficacy in inhibiting cell proliferation in ATC cell lines while reducing tumor growth and angiogenesis in orthotopic ATC xenografts [Kim et al. 2007] . Further, sorafenib improved survival of the test animals [Kim et al. 2007] . A phase II trial of sorafenib for patients with ATC is actively enrolling patients . The dosing schedule is 400 mg twice daily orally on a 28-day cycle. Thus far, 16 patients have been studied. Median time on the study is 2 months. Of the 15 evaluable patients, two (13%) had a PR, four (27%) had SD; median duration of PR/SD is 5 months. Median time to progression is 1.5 months and median survival is 3.5 months (Table  3) . Since sorafenib demonstrates objective tumor response in patients with ATC, accrual for this study continues.
Discussion
Targeted therapies offer the promise of setting new standards for the future for patients with iodine-resistant DTC and MTC. For example, off-label use of sorafenib in patients with advanced iodine-refractory DTC and MTC has been recently endorsed by expert panel of National Comprehensive Cancer Network (NCCN). While significant progress has been made in understanding some of the mechanisms underlying tumorigenesis and in translating that knowledge into various treatment modalities, numerous challenges remain in testing targeted therapies against refractory thyroid cancer. First, selecting a primary endpoint for phase II and III trials is difficult. Because of the cytostatic nature of targeted therapies, stabilization of cancer is anticipated as a beneficial effect of such therapies. However, due to the slow-growing pattern of a subset of thyroid cancers, even in advanced stages, attributing disease stabilization to the targeted therapy is difficult. Thus, objective responses using RECIST or PFS as an endpoint in phase II trials or overall survival as an endpoint in a phase III trial may not be optimal. Likewise, many of the studies are measuring serum levels of thyroglobulin, calcitonin, or CEA to determine if these biomarkers may be used as an additional tool to evaluate response to therapy. As seen in the studies above, however, these markers are only variably useful and may not be a reliable indicator of disease responsiveness. Many of the tumors in these studies are dedifferentiated, and as such, do not produce significant quantities of tumor markers. Further study is needed, as well, to understand the relationship between targeted molecular therapies and their direct effects on the synthesis or secretion of tumor marker proteins.
The second challenge is selecting appropriate patients for phase II and III clinical trials. An argument can be made to restrict eligibility of patients into clinical trials to those with PD in the 6-or 12-months prior study entry so that attribution of SD as an objective response to targeted therapy may be interpretable. The fourth obstacle facing clinicians when utilizing TKIs in thyroid cancer patients is selecting appropriate response assessment criteria. RECIST is not applicable to many thyroid cancer patients due to bony metastases, subcentimeter bilateral multiple lung metastases, and calcifications in the tumor. Therefore, the current mechanism for assessing a response to therapy is imperfect for thyroid cancer patients.
An additional challenge facing clinicians is monitoring compliance and safety of oral targeted therapies that are used on a chronic basis. Patients may not report toxicities due to concerns of being taken off the trial therapy that may be their only treatment option. Careful patient education is vital to maintaining compliance and to ensuring that the medications are not causing untoward effects. It should be explained to the patients that early reporting of the AEs will ensure proper treatment and may actually reduce the likelihood of discontinuation of the medication. Likewise, clinicians require education regarding the safety of these medications. The oral targeted molecular therapies have been viewed as safe and simple in comparison to the traditional parenteral chemotherapies. However, these agents are not without serious toxicities. In fact, a significant proportion of patients in the trials discussed above prematurely terminated their participation as a result of AEs [Cohen et al. 2008; Gupta-Abramson et al. 2008; Kloos et al. 2009] . Those patients who remained in the studies, however, also reported noteworthy side effects. Across all of these studies fatigue, diarrhea, and nausea were a common theme, although generally mild, grade 1 or 2.
It should be noted, as well, that these medications are typically continued as long as an effect is seen, in some cases as long as several years. In these cases, the cumulative effect of many months with 'mild' AEs should not be overlooked. Furthermore, uncommon but serious AEs such as bowel perforation, bleeding and thrombosis have been attributed to the class of targeted therapies that target VEGFRs. This is particularly important with thyroid cancer as the majority of patients are asymptomatic when off treatment, even with progressive metastatic disease. The clinician must discuss with the patient the distinct possibility of side effects before initiating a targeted molecular therapy; the benefit of halting disease progression should outweigh the risk of toxicities.
Another issue that requires attention is prioritizing which type of targeted agent merits further testing. Due to the relatively small pool of patients with advanced thyroid cancer, as compared to patients with lung cancers or breast cancers, we must prioritize testing of targeted agents based on their mechanism of action. It may not be efficient or wise to test several compounds that target a similar spectrum of tyrosine kinases, because we may miss an opportunity to examine a distinct class of drugs due to a paucity of patients.
It should be noted that the above-mentioned considerations do not necessarily apply to patients with ATC. Because of the rapidly progressive nature and dismal prognosis of the disease, it is currently recommended that all patients be considered for entry into a clinical trial upon diagnosis [Cooper et al. 2006] . These targeted agents offer a glimmer of hope for patients who otherwise have little to none. However, targeted therapies alone may not be sufficient to induce durable responses for this very aggressive cancer and the combination of cytotoxic chemotherapy along with targeted therapies (based on preclinical data) will need to be tested. With a cause-specific mortality of 69% at 6 months and 80% at 1 year [Kebebew et al. 2005] , overall survival is a desirable endpoint. Because it is such a rare tumor, enrolling sufficient numbers of patients to power a study focusing on ATC alone is difficult and would require a multi-institutional trial.
In spite of these challenges and limitations, this remains an exciting time in the management of patients with refractory thyroid cancer. Tremendous progress has been made in understanding the mechanisms of tumor formation and progression. New agents are being investigated for their efficacy in thyroid cancers with successful collaborations between academia, industry and government agencies at national and international levels. The dramatic increase in the number of available phase II clinical trials and the development of phase III clinical trials are critical milestones in development of targeted therapies for advanced thyroid cancer. No longer is refractory thyroid cancer a diagnosis associated with supportive care. The explosion of knowledge gives researchers, clinicians and patients hope that a targeted therapy will improve quality of life and survival.
